Native supramolecular assemblies containing collagen VI microfibrils and associated extracellular matrix proteins were isolated from Swarm rat chondrosarcoma tissue. Their composition and spatial organization were characterized by electron microscopy and immunological detection of molecular constituents. The small leucine-rich repeat (LRR) proteoglycans biglycan and decorin were bound to the N-terminal region of collagen VI. Chondroadherin, another member of the LRR family, was identified both at the N-and C-termini of collagen VI. Matrilin-1, -3 and -4 were found in complexes with biglycan or decorin at the N-terminus. The interactions between collagen VI, biglycan, decorin and matrilin-1 were studied in detail and revealed a biglycan/matrilin-1 or decorin/matrilin-1 complex acting as a linkage between collagen VI microfibrils and aggrecan or alternatively collagen II.
Introduction
Connective tissues are characterized by an abundant extracellular matrix in which a wide variety of different proteins and proteoglycans assemble into multimolecular complexes, often in the form of networks. The fibrillar collagens are major components (for review, see 1) and, in cartilage, collagen II forms cross-striated fibrils in association with collagen IX and XI (2) . Collagen VI is another member of the collagen family that distinguishes itself by containing large globular domains at its N-and C-termini (3) (4) (5) (6) . The molecule consists of three genetically distinct α-chains, α1(VI), α2(VI) and α3(VI). The N-terminal globular region is composed of nine or ten von Willebrand factor (vWF) A-like domains derived from the α3-chain. Collagen VI molecules associate laterally in an antiparallel fashion into dimers that are stabilized by disulfide bridges (3, 4, 7) . The dimers aggregate further into tetramers that are secreted into the extracellular matrix (7), where they join end to end into microfibrils. These subsequently form characteristic thin beaded filaments that are found in a variety of tissues (3, 8, 9) . The formation of microfibrils was recently shown to depend on the N5 vWFA-like domain of α3(VI) (10) .
In addition to the collagens, the large hyaluronan binding proteoglycan, aggrecan is a major constituent of the cartilage extracellular matrix. The aggrecan core protein has a molecular weight of approximately 220 kDa (11) and is heavily substituted with about 100 chondroitin sulfate chains, 30 keratan sulfate chains and 60 N-and O-linked oligosaccharides (12) (13) (14) (15) (16) . Aggrecan interacts with hyaluronan and other matrix molecules (reviewed in 17).
by guest on http://www.jbc.org/ Downloaded from 4 These major constituents provide the basic organization of the extracellular matrix, while other molecules modulate its assembly and structure. The matrilins are a family of oligomeric matrix proteins containing common structural motifs such as vWFA-like domains, epidermal growth factor-like EGF modules and coiled-coil regions (reviewed in 18). Matrilin-1 (also known as cartilage matrix protein, CMP), and matrilin-3 are abundant in cartilage (19, 20, 21) while matrilin-2 and matrilin-4
show a broader tissue distribution (22, 23, 24, 25) . All matrilins form homo-oligomers through assembly of coiled-coil structures from a common C-terminal stretch of heptad repeats. In addition, matrilin-1 and -3 form hetero-oligomers in bovine epiphyseal cartilage (21, 26) . Matrilin-1 has been shown to interact with fibrillar collagens (27) and aggrecan (28, 29) .
The LRR (leucine-rich repeat) protein family consists of 12 known extracellular members and the molecules appear to play major roles in modulating the functional properties of the collagen networks (17, 30) . Nine of the members are characterized by a core protein with 10 to 11 leucine-rich repeats, surrounded by disulfide-linked loops. Most LRR proteins have an N-terminal extension with specific characteristics. These range from clustered tyrosine sulfate residues, long stretches of aspartate residues, clustered basic amino acids as well as substitution with oligosaccharides or glycosaminoglycan chains. In many cases binding to triple helical collagens has been demonstrated. Decorin, a proteoglycan member of this family, interacts with fibrillar collagens in vitro (31) and interferes with collagen fibrillogenesis ( 32, 33) . It has also been shown to interact with collagen VI (34) at the same site as biglycan (35) , another LRR-proteoglycan closely related to decorin.
Biglycan is substituted with two glycosaminoglycan chains, often dermatan sulfate, in by guest on http://www.jbc.org/ Downloaded from its N-terminal domain, while decorin carries a single chain (36) (37) (38) (39) (40) . Biglycan does not appear to be involved in the assembly of the fibrillar collagens. However, it was recently shown to bind to the vicinity of the collagen VI N-terminal by its core protein in a glycosaminoglycan-independent manner (35) . Furthermore biglycan was demonstrated to induce and catalyze the formation of hexagonal-type collagen VI networks in vitro, a function that depends on its glycosaminoglycan substitution (41) .
The tissue-specific structures and functions of the extracellular matrix involve complex, and as yet poorly understood, interactions between individual extracellular proteins. The formation of these specific architectural elements is critical for normal tissue tissue development and function. The present study represents a detailed examination of networks of molecules isolated under mild conditions from the Swarm rat chondrosarcoma. We use molecular electron microscopy in combination with immunogold techniques to show that small LRR-proteoglycans together with matrilins form a linkage between collagen VI microfibrils and other macromolecular components in the cartilage extracellular matrix.
Experimental Procedures
Preparation of chondrons -Chondrons were isolated from rat chondrosarcoma tissue by a modification of a previously published method (42) . In short, freshly isolated tumor tissue was dispersed in Nutrient Mixture F-12 (HAM's F 12) (GIBCO BRL) by passing it through a nylon filter (pore size 50 µm 2 ). The dispersed particles were washed with HAM's F12 on a 25 µm 2 pore sized nylon filter.
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Retained material was resuspended in HAM's F12 and prepared for scanning electron microscopy. Samples were allowed to react at 37 o C for 1-2 hours, subjected to ethanol precipitation and resolved in sample buffer with 5% β-mercaptoethanol. SDSpolyacrylamide gel electrophoresis was perfomed as described by Laemmli (50 and Chinese hamster ovary cells has been previously described (41) .
Scanning electron microscopy -
Reconstitution of complexes in vitro -Colloidal gold particles were prepared through reduction with thiocyanate (smaller size) or citrate (larger size) as described above. Colloidal gold particles of smaller and larger size were titrated and conjugated to biglycan, decorin, chondroadherin and matrilin-1, respectively. Gold-labeled proteins were incubated with purified collagen VI microfibrils from cornea, incubated for 15 min in +4°C and then subjected to negative staining and electron microscopy as described above.
Results

Structural analysis of the pericellular matrix of chondrons and cultured
chondrocytes -Chondrons, representing single or clustered chondrocytes surrounded by territorial matrix, were purified in an intact form from Swarm rat chondrosarcoma tissue using a modification of a method previously reported for mature cartilage (42) .
The high water content and the softness of the tissue allowed isolation of the chondrons by passing tissue samples through nylon filters. Chondrons isolated by this method exhibited the same overall appearance as those isolated from cartilage by Poole et al. (42) (Fig. 1a) . Scanning electron microscopy (SEM) analysis showed that the chondron capsule contains different fibrillar networks where thin microfibrils contrast against thicker fibers (Fig. 1b) . The thinner fibrils where identified as collagen VI by immunolabeling and SEM (Fig. 1c) . Cultured Swarm rat chondrosarcoma cells deposit a pericellular matrix containing collagen VI microfibrils similar to those found in vivo ( Fig. 1 d-f ). Immunofluorescence microscopy of the chondrosarcoma cells showed co-localization of collagen VI microfibrils with both matrilin-1 and matrilin-3 (Fig. 2) . Since the two matrilins showed extensive colocalization with each other and may well occur in hybrid molecules and hybrid filaments (21, 26) , only matrilin-3 was studied in further double immunofluorescence experiments (Fig. 2) . Biglycan and decorin showed localizations partially overlapping with matrilin-3 in pericellular filaments. In addition, matrilin-3 was partially codistributed with both aggrecan and collagen II.
To assure that all antibodies used were truly specific, these were tested in immunoblots against extracts of chondrosarcoma proteins and proteoglycans that had been resolved by SDS-PAGE performed under reducing conditions. All antibodies 
Analysis of isolated collagen VI microfibrils by electron microscopy -
Collagen VI microfibrils were obtained in an intact form by extraction of rat chondrosarcoma tissue with EDTA-containing physiological saline, followed by a differential centrifugation procedure. The fibrils were examined by electron microscopy after negative staining. Collagen VI was visualized as beaded filaments where adjacent tetramers were linked together in the characteristical end-to-end manner (Fig. 3a,i) . These filaments formed complexes with a number of molecules giving their N-termini a bulky appearance (Fig. 3a, arrowheads) compared to the collagen VI microfilaments without bound ligands (Fig. 3h, arrowheads) . The latter filaments were prepared by collagenase digestion of bovine cornea (52) . Two different kinds of particles were frequently observed at the N-termini of collagen VI derived from the chondrosarcoma (Fig. 3a, inserts) . The smaller of these consisted of two globular domains connected by a smaller, central domain. The larger was in most cases composed of three globular domains of equal size (Fig. 3a, inserts) , but also structures made up of four subunits were frequently seen. The molecular identity of the particles was determined using gold-labeled, affinity-purified antibodies. Using this approach, biglycan (Fig. 3b) and decorin ( Fig. 3c) were found located to the Nterminal globular domains of collagen VI and represented the smaller kind of particle.
The larger molecules, typically bound to the small LRR-proteoglycans, and more distant from the collagen VI filaments, were identified as matrilin-1 (Fig. 3d ), matrilin-3 ( Fig. 3e ) and matrilin-4 (Fig. 3f ). Matrilin-2 was never detected as a component of the collagen VI microfibril complexes (not shown). We also identified by guest on July 15, 2017
http://www.jbc.org/ Downloaded from 13 chondroadherin bound both to the N-and C-terminal globular domains of collagen VI, but we did not observe other proteins interacting with chondroadherin in these samples (Fig. 3g) .
Reconstitution of collagen VI complexes in vitro -The observations made on
native, chondrosarcoma-derived collagen VI complexes were verified in recombination experiments employing highly purified proteins and recombinant native proteoglycans (Fig. 4) . Corneal collagen VI microfibrils, free of associated proteins, were mixed with LRR-proteoglycans/proteins in vitro. Recombinant native biglycan, decorin and chondroadherin were labeled with colloidal gold prior to incubation. Biglycan and decorin bound exclusively to the N-terminal parts of collagen VI, while chondroadherin bound both to the N-terminal and C-terminal portions ( Fig. 4a-c) . In addition, matrilin-1 labeled with larger gold particles was found to bind to the collagen VI via biglycan (Fig. 4d) or decorin (Fig. 4e) , labeled with smaller colloidal gold, when these molecules were mixed prior to incubation with the corneal collagen VI microfibrils. microscopy, where this LRR-protein was never seen associated with matrilins (Fig.   3g ). The binding of native biglycan and decorin to matrilin-1, but not of the structurally releated chondroadherin, demonstrates the specificity of the assay.
Analysis of the interactions between matrilin-1 and LRR-proteoglycans
Identification of extracellular matrix components interacting with collagen VI
microfibrils via the LRR-proteoglycan/matrilin complex -In electron microscopy, the LRR-proteoglycan/matrilin complexes were frequently seen to mediate contacts between the collagen VI filaments and other matrix macromolecules. These peripherally attached molecules were identified as procollagen II (Fig. 6a) and aggrecan ( Fig. 6d) by incubation with gold-labeled affinity-purified antibodies prior to negative staining and electron microscopy. Also assemblies in the form of collagen II fibers were shown to bind to collagen VI via the matrilin-biglycan/decorin linkage (Fig 6c) . Binding to the various constituents occurred via matrilin-1 which was identified with a gold-labeled antibody (Fig. 6b,c,e) .
Discussion
Supramolecular assembly of collagen VI molecules into fibrillar networks has been evaluated in detail previously (3, 4, 7) , but how these networks are associated with other interstitial network components at the molecular level is still elusive. Although collagen VI has been shown to interact with fibrillar collagens in vitro (6, 34) it has been suggested that other molecules may be involved in the in vivo interaction (53) .
In the present study we provide evidence for molecular mechanisms by which collagen VI microfibrils can interact with other interstitial extracellular matrix networks. We took advantage of the Swarm rat chondrosarcoma, a comparatively soft cartilaginous tissue, which allows purification of cartilage extracellular matrix components under native conditions. Electron microscopy in combination with negative staining and colloidal gold technology was used to visualize the extracellular matrix structures at high resolution and to identify individual components both in native extracts and reconstituted multimolecular assemblies. For the recombination experiments bovine proteins were used. Identical results were obtained when bovine matrilin-1, CHAD, biglycan and decorin were used in combination with rat collagen VI (not shown). Despite the species difference the results did in all aspects agree with and confirm the observations made in the Swarm rat chondrosarcoma system. by guest on 
